ABSTACT The GCa antigen is a feature of the gp70 envelope glycoprotein of murine leukemia virus (MuLV) This GIXgp70 molecule is found on the thymocytes of some (GLx+) strains of mice, where its expression is controlled by two mendelian genes, Gv-1 and Gv-2.
Previous recombination data involving the prototype GIX+ strain 129 indicated that the H-2(chromosome 17) and Gv-1 loci are linked, at a distance of 36 units from one another. New data indicate that the association of H-2 and GIX phenotypes is an example of quasi-linkage, evidently dependent in this instance on heterozygosity at a focus or loci in the vicinity of H-2.
Other previous recombination data, involving the GIX+ strain AKR, had indicated that the Gpd-l (chromosome 4) and loci are linked at a distance of 19 units from one another. New data from other crosses show that this association of Gpd-l (glucose6phosphate dehydrogenase 1) and GCi phenotypes also constitutes quasi-linkage, evidently due to heterozygosity at the Fv-1 locus.
An important theoretical consequence of quasi-linkage in general is that it should enhance the heritability of particular constellations of unlinked genes, and so influence population structure. Our new data are discussed from the viewpoint that MuLV genomes are apparently concerned in quasi-linage, and therefore by the same arguments may influence the genetic structure of populations. This in turn may strengthen the view that integrated MuLV genomes are not simply intruded into a self-sufficient cellular genome, but are themselves elements of the cellular genome with primary functions, perhaps in reproduction or embryogenesis.
The GIX antigen of mouse thymocytes was discovered in 1969 (1) , during analysis of an antiserum, since widely used and popularly referred to as "anti NTD", prepared in inbred rats by immunization with cells of a syngeneic transplanted rat leukemia originally induced by wild-type murine leukemia virus (MuLV) (2) . The initial observation was that in cytotoxicity assays this antiserum lysed the thymocytes of some strains of mice (GIX+ strains) but not of others (Gix-strains).
We suspected that GIx might be coded or regulated by an MuLV genome, because productive infection with MuLV may initiate the expression of GIx antigen on: (t) cells belonging to various differentiative pathways other than thymocytes, (tt) cells of GIX-mouse strains, and (Mit) cells of the rat, which do not normally possess this antigen (1) . This hypothesis has recently received support from the finding that GIX is in fact a type-specific antigen belonging to the major glycoprotein component of the MuLV envelope (3, 4) , which is styled gp7O in reference to its molecular weight of 69,000-71,000. The GIx-gp70 molecule can be isolated from the thymocytes of normal Gix+ mice, where it occurs without concurrent production of virions and can be regarded in terms of partial expression of an MuLV genome (4).
The prototype GIx+ mouse strain is 129, and the genetic control of Gix expression on the thymocytes of this strain has been studied for several years by analysis of segregating populations derived from crosses with various GIX-strains. These populations have included F2 generations from F1 hybrids, reciprocal backcrosses, serial backcrosses, and inter-crosses of serially backcrossed mice. These segregation data uniformly indicate that two genes, Gv-1 and Gv-2, determine the expression of GIX antigen, which can be equated with presence of the Gjx-gp70 of MuLV on strain 129 thymocytes, positive alleles at both loci being required for manifestation of the GIX+ thymocyte phenotype (1) .
Conventional interpretation of the recombination frequencies in the crosses noted above places Gv-1 on chromosome 17 (1) and Gv-2 on chromosome 7 (5 
We have excluded Gv-2, the second gene required for expression of GIX, because all the data in this report, with one exception, refer to backcrosses made to the GIx+ parental strain, so that segregation for Gv-2, which is dominant, does not affect the GMX phenotype (Gv-1 in contrast is semi-dominant, i.e., the amount of GIx expressed on thymocytes of Gv-1 homozygotes is double that of Gv-1 heterozygotes). The exceptional cross is C (Table 2) , where the backcross was to BALB (Glx-) from 129; but both BALB and 129 carry the positive Gv-2 allele (9), and therefore Gv-2 is not segregating in this cross. We therefore returned to our analysis of the 129 strain, with these new findings in mind, using the mouse strains described in Table 1 . The data obtained are given in Table 2 in a form convenient for discussion, and in detail in Table 3 . The relevant loci are indicated in the chromosome map in Fig. 1 . I. The Gix/H-2 and Gix/Gpd-1 associations; 3-point crosses scored for Glx, H-2, and Gpd-1 Tables 2 and 3 indicate a highly significant association of the GIx phenotype with both H-2 (crosses A to E and G to I) and Gpd-1 (crosses A, D, and F) in segregants from crosses involving strain 129 or the congenic strain B6-Gix+ [which obtained its positive allele for Gv-1 from strain 129 (9) ]. Because H-2 and Gpd-1 are on different chromosomes, one of these two associations, or both, must have some explanation other than conventional genetic linkage. This is especially obvious in 3-point crosses where both associations are evident in the same set of segregants (crosses A and D); obviously one or both associations cannot be due to chromosomal linkage.
II. Evidence that the GIX/H-2 and GIx/Gpd-I associations are independent of the overall genetic background We considered the possibility that the overall genetic background of the parental stocks might have some influence on the Gix/H-2 and Gjx/Gpd-I associations. To deal with this question we bred a population in which the segregations of Gv-1, H-2, and Gpd-1 could be observed on an otherwise relatively uniform genome. For this purpose we backcrossed four times (N4) to strain 129 (Gix+) from BALB (GIX-), selecting in each generation for Gv-1 heterozygosity (by thymocyte typing, as usual) and for H-2 and Gpd-1 heterozygosity. We then tested the progeny (N5) of the succeeding backcross, and found that the GIX/H-2 and Gjx/Gpd-1 associations were preserved unchanged ( (8)] we have made the assumption that typing for Gpd-1 is equivalent to typing for Fv-1 (which is technically far more difficult).
$9 d denotes that reciprocal crosses were studied and that the data for these have been combined because there was no significant difference in recombination frequency. In the case of the heterozygous parent indicated in parentheses, the female is the first strain named, except for entries H and J, in which reciprocal F1 hybrids were used and gave similar results. § The use of the BALB/T stock, which is a BALB subline bearing the mutant T (brachyury), was used in crosses B and C for the purpose of adding a dominant marker (short tail) on the centromeric side of H-2 (see Fig. 1 ). As expected there was no association between T and Gv-1, and these data have been omitted. ¶ The heterozygous parents of this backcross (D) were segregants from a 4th serial backcross (N4) typed for heterozygosity at the H-2, Gpd-1 (Fv-1), and Gv-1 loci. The scores recorded are therefore for the 5th backcross generation (N5).
The heterozygous parents of this backcross (E) were segregants from the 4th serial backcross (N4) typed for heterozygosity at the H-2 and Gv-1 loci. Homozygosity for Gpd-1/(Fv-1) was assured by typing the first backcross population (Ni). The scores recorded are therefore for the 5th backcross generation (N5). **The heterozygous parents of this backcross (F) were N5 segregants from cross D, selected for heterozygosity at the Gv-1 and Gpd-l/(Fv-1) loci, and homozygosity at the H-2 locus. The scores recorded are therefore for the 6th backcross generation (N6 
DISCUSSION
The salient facts are these: In all the crosses dealt with in this report, expression of GiX antigen on thymocytes, denoting the presence of the MuLV glycoprotein Gix-gp7O, is governed by the locus Gv-l, which segregates without exception in strictly mendelian ratios and with no differences between reciprocal crosses. Genetic segregation tests, of the conventional type used for determining linkage, give recombination values of 35% for Gv-l and H-2 (the "GIX/H-2 association"), and 32% for Gv-l and Gpd-1 (the "Gix/Gpd-1 association").
The commonly correct interpretation of recombination values below 50%, for any pair of genes, is that these genes are linked. But this is not the only possible explanation, because recombination data can indicate no more than the gene combinations observed in a set of progeny, without regard to mechanism. In fact, where the genes concerned are known to be on different chromosomes, linkage cannot be the explanation of a deficit in nonparental phenotype combinations, hence the term "quasi-linkage.
Regarding possible mechanisms of quasi-linkage, variations on the "affinity" hypothesis are proposed and discussed by Michie (13) . Factors that might cause nonrandom assortment of chromosomes at meiosis spring most readily to mind. Thus, certain centromeres of nonhomologous chromosomes of a parental set might attract one another ("mutual affinity"; Michie); this version of the hypothesis could be extended to other parts of chromosomes (14) , and would more readily accommodate quasi-linkage involving genes that are very distant from the centromere, as are Fv-1 and Gpd-1. Alternatively, parts of nonhomologous chromosomes of a parental set might be influenced by an extrinsic element tending to orient them towards the same pole ("polar affinity"; Michie). In this respect, as in I Recombination frequency (recombinants/total): for Gv Table 2. all hypotheses relating Gv-1 to quasi-linkage, it is not essential to invoke the Gix-gp7O molecule itself, because Gv-1 evidently governs the expression of MuLV p30 protein also, the evidence for this being that 129-GIX-congenic mice lack both Gjx-gp7O (4, 15) and p30 (15) which 129 mice express, and no thorough study has yet been made to determine whether the expression of still other MuLV constituents is governed by There remain the possibilities of post-meiotic mechanisms, either pre-zygotic or post-zygotic. The former includes preferential fertilization. This embodies, for example, speculation that the union of ovum and sperm requires the display of a set of cell surface components determined by a corresponding set of unlinked polymorphic genes; thus, a given set of parental alleles could compose a surface display that is more conducive to fertilization than is the display of recombinant sets. Two points bear on this. First, the surface components of thymocytes are known to be displayed in a prescribed pattern (16) , and so it is likely that other cells, including gametes, also have their surface components so arranged. Second, there are two instances, T/t (17) and H-Y (18) , in which it seems probable that the haploid genotype of each sperm is reflected in the constitution of its surface ("haploid expression"), so the hypothesis that genetically variable surface properties of gametes could be a vehicle for the transmission of particular haploid genotypes has some foundation. Added to that, the GIx-gp7O molecule, whose expression is governed by Gv-l, is present on sperm (19) , probably by adsorption of GIx-gp70 molecules secreted by cells lining the male reproductive tracts (20) , and it is an open question whether this adsorption may depend on receptors subject to genetic variation and thus to differential expression to haploid gametes. Regarding post-zygotic selection, i.e., preferential development of embryos carrying alleles of unlinked genes in the nonrecombinant mode, there is no evidence for or against this in the data reported here.
Distinction between meiotic and nonmeiotic mechanisms will be aided by testing for recombination between the same genes, Gv-1 versus Gpd-1 and H-2, in repulsion. This involves recombination analysis with parental mice in which the respective alleles are transposed (in repulsion) by comparison with the original stocks (in coupling).
All the above proposals as to mechanism, though highly tenuous, are worth noting in the light of our new information that the MuLV-associated locus Gv-1 appears to be involved in, or to cause, quasi-linkage. Further, an important consequence of quasi-linkage, deserves re-emphasis. Michie (13) The nature of the data shown in Table 2 , which establish that the Gix/H-2 association constitutes quasi-linkage, does not formally exclude that some locus linked to H-2 is responsible, rather than the H-2 major histocompatibility complex region itself; this could be either proximal or distal to Tia in relation to the centromere.
